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Abstract 
Density functional theory calculations have been performed for the structural, 
electronic, magnetic and ferroelectric properties of a mixed-valence Fe(II)-Fe(III) 
formate framework [NH2(CH3)2][FeIIIFeII(HCOO)6] (DMAFeFe). Recent experiments 
report a spontaneous electric polarization and  our calculations are in agreement with 
the reported experimental value. Furthermore, we shed light into the microscopic 
mechanism leading to the observed value and as well how to possibly enhanced the 
polarization. The interplay between charge ordering, dipolar ordering of DMA+ cations 
and the induced structural distortions suggest new interesting directions to explore in 
these complex multifunctional hybrid perovskites. 
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1. Introduction 
Metal-organic frameworks (MOFs), consisting of organic cations, a network of metal 
ions coordinated by organic bridging ligands, have attracted a lot of attention because 
of their multifunctional properties, such as ferroelectricity, magnetism, and 
conductivity.1-17 In particular, the combination of ferroelectric and magnetic orders (i.e., 
multiferroicity) in a single-phase material is of great technological and fundamental 
importance.1-3, 13, 18-21 Furthermore, by considering their diversity in chemical 
compositions and structural topologies, MOFs are considered as highly promising 
candidates for multifunctional materials for their potential application in gas absorption 
and separation, ionic exchange and identification, conductive and catalytic, magnetic 
and even ferroelectric properties.4, 22 In particular, some MOFs with perovskite 
topology showing the coexistence of ferroelectric and magnetic orders, such as 
AMII(HCOO)3 (A = NH2(CH3)2 (DMA) or NH4; M = Mg, Zn, Mn, Ni, Co, or Fe),5-7, 18-
21, 23-26 have been theoretically predicted and/or experimentally characterized. In these 
studies, it has been shown that the magnetic order originates from metal ions and the 
ferroelectric order from the organic molecules through a quite peculiar hybrid improper 
inversion symmetry breaking mechanism. This microscopic interpretation suggests two 
hybridizing non-polar distortions breaking the inversion symmetry and giving rise to 
ferroelectric polarization. While the hybrid improper ferroelectricity was initially 
discussed in the context of inorganic multiferroics,27 it has become clear that in hybrid 
materials it may have much more interesting applications and possibility for increasing 
the functionality of hybrid perovskite.28 At present, there is an active increasing search 
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for new multifunctional hybrid materials showing large polarization as well as 
magnetoelectric coupling. 
 
Heterometallic MOFs with a general formula [NH2(CH3)2][FeIIIMII(HCOO)6] (M = Fe, 
Co, Mn, Mg, Ni, Zn, or Cu), which crystallize in a niccolite-like topology, have been 
widely investigated.22, 29-38 The combination of two magnetic metals in the same 
structure brings rich magnetic properties. In particular, [NH2(CH3)2][FeIIIFeII(HCOO)6] 
(DMAFeFe) is the first example exhibiting negative magnetization assigned as Neel N-
Type ferrimagnet in a 3D molecule-based magnet.7 Recently, the magnetoelectric 
coupling effect in the mixed-valence formate framework was experimentally observed 
at 3.5 K.35 According to previous studies,36 DMAFeFe crystallizes in the trigonal P-31c 
space group at room temperature. Until 2012, Rodríguez-Carvajal et al. first observed 
an unprecedented order-disorder phase transition in the mixed-valence complex by a 
neutron diffraction experiment.37 It was found that DMAFeFe transforms into an 
antiferroelectric R-3c phase (see Figure 1a) at low temperature (155 K), involving 
ordering of DMA+ cations. The reported two phases belong to the centrosymmetric 
space group, therefore, no ferroelectricity is expected, at least in this temperature range.  
 
However, very recently, Zheng et al. found the occurrence of the ferroelectric phase 
transition from dielectric measurement of DMAFeFe over the low-temperature range 
(0~100 K).35 They have measured a ferroelectric polarization of about 0.56 ~ 0.72 
nC/cm2 at 2 K, but the crystal structure was not been completely refined yet. However, 
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as the temperature decreases, the DMA+ cations should be ordered in such a way to 
reduce the symmetry of DMAFeFe structure to a polar space group. Since the low 
temperature phase has not been fully determined in terms of atomic positions, its 
structural, electronic, ferroelectric and magnetic properties require further 
investigations. 
 
In this work, we start from the proposed centrosymmetric structure at T = 93 K and we 
performed accurate atomic relaxations by using first-principles calculations. We found 
that, a non-centrosymmetric structure (R3c space group) with antiferromagnetic spin 
ordering as a lower energy compared with the centrosymmetric structure (R-3c space 
group). This proposed low temperature structure shows a ferroelectric polarization as 
high as 7.41 nC/cm2, in reasonable agreement with a recent measurement.35 This 
suggests that the DMAFeFe should be a hybrid organic-inorganic multiferroic material 
at low temperature. We found the small polarization originates mainly from the Fe off-
centering of [FeIIIO6] octahedral. The detailed analysis in terms of the different 
contributions to electric polarization, due to the interplay between charge ordering, 
dipolar ordering of DMA+ cations as well as induced structural distortions is the subject 
of a forthcoming article. Our study suggests possible future directions for engineering 
multifunctional properties in hybrid organic-inorganic perovskites. 
 
2. Computational details 
Density-functional theory (DFT) calculations were performed by using the Perdew-
Burke-Ernzerhof generalized gradient approximation (PBE-GGA)39, as implemented 
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in the Vienna Ab initio Simulation Package (VASP)40-41. Because of the strong 
electronic correlation between partially filled d shells, GGA+U method was employed 
in our calculations42. The correlation energy (U) and exchange energy (J) were chosen 
to be 4 eV (5 eV) and 0.89 eV (0.89 eV) for Fe2+ (Fe3+), respectively from previous 
literature.43 The plane-wave cut-off energy was set to 500 eV and a 4×4×4 Monkhorst-
Pack grid of k-points was employed for sampling the Brillouin zone.44 The atomic 
positions were relaxed until the force on each atom was smaller than 0.02 eV/Å. For 
estimating the polarization, the Berry phase theory as implemented in the VASP code 
was used.45-46 
 
3. Results and discussion 
Firstly, we performed density functional theory simulations to study a possible ground 
state of DMAFeFe at low temperature. We started with an ordered arrangements of 
DMA+ cations compatible with the centrosymmetric R-3c space group. After relaxing 
all the atomic positions, we found that the polar structure (R3c phase) has a lower total 
energy than the non-polar structure (R-3c phase) by 73.36 meV/f.u. The atomic 
coordinates of [FeO6] octahedra in R-3c and R3c phase are summarized in Table 1. The 
polarization is comparable with the experimental result (see below). Figure 1 shows the 
structures representing the centrosymmetric reference phase (R-3c) and the proposed 
ferroelectric phase (R3c) for DMAFeFe. In both cases, the metal centers (FeII and FeIII) 
are bridged by formate ions in the anti-anti mode configuration, and DMA+ organic 
ions are filled in the cavities of the 3D framework. Both metal centers are surrounded 
by six oxygen atoms of formate bridging ligands to form an octahedral coordination. 
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Starting from the experimental lattice parameters (a = b = 14.26 Å, c = 41.44 Å; α = β 
= 90o, γ = 120o),37 only the atomic positions of two structures were relaxed. And the 
corresponding bond lengths were summarized in Table 2. 
 
Figure 1. Schematic view of the primitive cell of (a, b) R-3c phase, (c, d) R3c phase 
[NH2(CH3)2][FeIIIFeII(HCOO)6]. For clarity, the dimethylammonium ions (DMA+) are 
omitted in the structure. 
Table 1. Atom coordinates of [FeO6] octahedra in relaxed R-3c and R3c phase of 
[NH2(CH3)2][FeIIIFeII(HCOO)6]. 
 Atom Wyckoff Position 
Site 
Symmetry x y z 
R-3c 
Fe1 18e 2 0.67085  0  -0.25  
Fe2 6b -3 1/3  -1/3   -1/3   
Fe3 12c 3 1/3 -1/3   0.00206  
O1 36f 1 0.46570  -0.25183  -0.02696  
O2 36f 1 0.41143  -0.39073  0.02835  
O3 36f 1 0.74943  0.14021  -0.27964  
O4 36f 1 0.74114  -0.08223  -0.27458  
 8 
O5 36f 1 0.52802  -0.07250  -0.27811  
O6 36f 1 0.39398  -0.20176  -0.30694  
R3c 
Fe1 6a 3 0 0  -0.50023  
Fe2 6a 3 0  0 -0.16413  
Fe3 6a 3 0 0 -0.33596  
Fe4 18b 1 0.34138 1/3 -0.41667 
O1 18b 1 0.13263  0.08232  -0.19313  
O2 18b 1 0.08266  0.13256  -0.30693  
O3 18b 1 0.08063  -0.05449  -0.13761  
O4 18b 1 -0.05476  0.08045  -0.36249  
O5 18b 1 0.42391  0.47983  -0.44519  
O6 18b 1 -0.18775  0.08898  -0.38829  
O7 18b 1 0.40603  0.24896  -0.44238  
O8 18b 1 -0.08333  -0.26113  -0.72402  
O9 18b 1 0.20560  0.26829  -0.44641  
O10 18b 1 -0.39903  -0.13061  -0.38816  
O11 18b 1 0.06669  0.13541  -0.47274  
O12 18b 1 -0.53132  -0.26776  -0.36105  
 
Table 2. Calculated bond lengths and local magnetic moments in [FeO6] octahedra for 
R-3c and R3c phase of [NH2(CH3)2][FeIIIFeII(HCOO)6]. 
 Bond length (Å) 
 
 Magnetic moment (μB) 
R-3c (167) R3c (161) R-3c (167) R3c (161) 
Fe(II)-O 2.097-2.150 2.076-2.155 Fe(II) 3.7 3.7 
Fe(III)-O (1) 2.019 2.019-2.020 
Fe(III) -4.3 -4.3 Fe(III)-O (2) 2.013 2.005-2.039 
Fe(III)-O (3) 2.028 2.003-2.039 
From Table 2, it can be noted that both structures have one kind of [FeIIO6] octahedra 
and three kinds of [FeIIIO6] octahedra. [FeIIO6] octahedra are distorted in both phases, 
as reflected by the distinct Fe(II)-O bond lengths along the different directions. 
However, [FeIIIO6] octahedra are only distorted in the R3c phase, consistent with the 
reduced symmetry. In addition, the Fe-O bond lengths in the two phases are very close. 
Moreover, the bond lengths of Fe(II)-O are longer than that of Fe(III)-O. This 
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assignment is further supported by the larger ionic size of Fe2+ (0.78 Å) relative to Fe3+ 
(0.645 Å).47 
 
We also evaluate the ferroelectric polarization by using the Berry phase theory.45-46 
Starting from the low-symmetry 3.5 K structure (λ = 1) with space group R3c, we 
consider the structure with space group R-3c as the reference structure (λ = 0) and we 
build a one-to-one atomic mapping between the R3c and R-3c structures. The atomic 
distortion field connecting the two structures have been parametrized by λ representing 
the normalized amplitude of the distortion field. Figure 2 shows the evolution of total 
energy difference and the polarization from the R3c to R-3c structure, as a function of 
the normalized amplitude (λ) of atomic displacements. The estimated total polarization 
along the (111) direction (see Figure 1) is 7.41 nC/cm2, which is larger than the 
experimentally measured polarization values (0.56~0.72 nC/cm2). The discrepancy 
may be due to the fact that the measured values are related to temperature and magnetic 
field used in the experiments.35 
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Figure 2. Path connecting the centrosymmetric structure (λ = 0) and the polar structure 
(λ = 1). (a) Total energy difference with respect to the paraelectric phase. (b) Total 
polarization along the (111) directions as a function λ. 
Next, we investigated the magnetic properties of low-temperature phase DMAFeFe. As 
revealed by previous experiment,37 the magnetic structure below 37 K corresponds to a 
weakly noncollinear ferrimagnetic structure, where the spin moment of the FeII and FeIII 
sites are antiferromagnetically coupled along the c-axis (see Figure 3a). Since the 
structure is very complex, consisting of 222 atoms per unit cell, in our study we 
considered only collinear spins. On the basis of antiferromagnetic configuration, the 
calculated local magnetic moments were shown in Table 2. For R-3c and R3c structures, 
the spin moments on FeII and FeIII atoms are 3.7 μB and -4.7 μB, respectively, in 
agreement with the experimentally measured values (3.9/-4.1 μB).37 Figure 3b shows 
the spin charge density distributions for R3c structure with localized spin-density at FeII 
and FeIII sites with opposite spin directions, further supporting our magnetic calculation. 
The local magnetic moment on FeII and FeIII atoms can be well understood from their 
corresponding d electron configurations (see Figure 3c). Fe2+ (Fe3+) has d6 (d5) 
configuration and there are four (five) unpaired d electrons, providing the largest local 
magnetic moment of 3.7 μB (4.7 μB). 
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Figure 3. (a) View along the b-axis of the unit cell of [NH2(CH3)2][FeIIIFeII(HCOO)6] 
together with the arrangement of the spins of each FeII and FeIII site, orange/green and 
purple/yellow, respectively. (b) spin charge density for R3c phase 
[NH2(CH3)2][FeIIIFeII(HCOO)6] and (c) d electron configurations of Fe2+ and Fe3+. The 
isosurface value is set to 0.448 e Å-3. Note that the yellow and green parts correspond 
to electron density increase and decrease, respectively. 
 
Finally, we examined the electronic properties of R3c structure. As shown in Figure 4 
and 5, PBE+U method predicts an indirect band gap of 0.74 eV, the valence band 
maximum mainly consists of spin down-based orbitals of Fe(II) 3d and O 2p, and the 
conduction band minimum is mainly of spin up-based orbitals of Fe(III) 3d and O 2p. 
To our knowledge, at present, no solid-state conductivity and optical band gap 
measurements of DMAFeFe have been reported. Although containing mixed-valence 
Fe(II)-Fe(III) cations, due to the large crystallographic unit cell and relatively isolated 
[FeO6] octahedra, no apparent band dispersion can be observed, indicating localized 
carriers and low levels of conductivity in R3c phase DMAFeFe. Meanwhile, it is worth 
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noting that the observed band characters are very similar to MOF-5 (Zn4O(1,4-
dicarboxylate)3).48 
 
Figure 4. Band structure for R3c phase [NH2(CH3)2][FeIIIFeII(HCOO)6].  
 
Figure 5. Total and partial density of states for R3c phase 
[NH2(CH3)2][FeIIIFeII(HCOO)6] 
4. Conclusions 
In summary, we reported the structural, electronic, magnetic and ferroelectric 
properties of a mixed-valence Fe(II)-Fe(III) formate framework by using the first-
principles calculations. Our results imply a possibly new ferroelectric phase with the 
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R3c space group below 3.5 K could reasonably explain the low temperature 
ferroelectricity of DMAFeFe observed in recent experiment. More detailed study is in 
progress in order to disentangle the different contributions to the electric polarization, 
but this goes beyond the purpose of the present report. Finally, the results of electronic 
properties show that no apparent band dispersion can be observed for R3c phase 
DMAFeFe, indicating localized carriers and low levels of conductivity in the compound. 
Our observations provide a possibility to design a multifunctional mixed-valence MOF. 
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